Background and Aim: Assessment of serum concentration of lipopolysaccharide (LPS)-binding protein (LBP) has been suggested as a useful biomarker to indicate activation of innate immune responses to microbial products. We investigated LBP concentrations and associations with demographics, lifestyle factors, and common metabolic abnormalities in adults. We also examined if LBP concentrations were associated with common polymorphisms in genes coding for LBP (rs2232618), CD14 (rs2569190), and TLR4 (rs4986790), the molecules responsible for the innate immune response to LPS, or serum levels of soluble CD14 (sCD14) and proinflammatory cytokines.
Introduction
A dysregulated response to bacteria or their products such as lipopolysaccharide (LPS, endotoxin) underlies many common inflammatory diseases [1, 2] . Like all mammals, humans are equipped with an LPS-sensing machinery consisting primarily of LPS-binding protein (LBP); CD14, a glycosylphosphatidyl-inositol (GPI)-anchored monocyte differentiation antigen; and toll-like receptor 4 (TLR4), a signal-transducing integral membrane protein [2] . CD14 also exists in a soluble form (sCD14), a 43-53 kD glycoprotein that derives from either protease-mediated membrane CD14 shedding [3] or liver synthesis as a type II acutephase reactant [4] . LBP is a 58-kDa glycoprotein synthesized in the liver that is released into circulation as a type I acute-phase reactant [5] [6] [7] . Levels of LBP peak in serum shortly after bacteremia or endotoxemia, and remain increased up to 72 hours later [8, 9] . Once in the circulation, LBP forms a complex with LPS that enhances the binding of LPS with CD14 receptors [6] [7] [8] . Membrane CD14 is associated with TLR4, which transduces a signal from the CD14-bound LPS to the cell nucleus, triggering a cascade of inflammatory cytokines [10] . Some of these cytokines, specifically IL-1 and IL-6, induce the synthesis of acute-phase proteins in the liver [11] . Membrane CD14, sCD14, and LBP thus participate in a complex mechanism of immune regulation involving both up-regulation and down-regulation of the inflammatory process triggered by LPS. Some studies have demonstrated a concentration-dependent dual role of LBP in the pathogenesis of Gram-negative sepsis: low concentrations of LBP enhance the LPS-induced activation of mononuclear cells, whereas the acute-phase rise in LBP concentrations inhibits LPSinduced cellular stimulation [12] . It should be also noted that LBP, a soluble pattern recognition molecule, appears to be able to bind bacterial compounds other than LPS [8, 13] .
Assessment of LBP concentrations in serum or plasma has been suggested as a useful marker during systemic infectious complications [8, 14] . Compared with other acute phase reactants, the rise of LBP is relatively slow [8] , and thus can serve to monitor the interaction between bacterial compounds (particularly, LPS) and innate immunity cells taking place over time [15] . The measurement of bacterial products such as LPS in biologic fluids has significant limitations [16, 17] ; therefore, the LBP level has been suggested as a clinical marker of ''effective endotoxemia'' [18] [19] [20] [21] [22] . Studies of the distribution of LBP in the general population are scarce. These studies may serve to identify how serum markers are associated with demographic variables (such as age, sex or ethnicity), lifestyle factors (such as alcohol consumption and smoking), and common metabolic abnormalities (such as obesity and components of metabolic syndrome). These associations may be relevant for interpreting LBP concentrations in clinical settings. Serum levels of LBP are increased in heavy drinkers, probably reflecting high LPS exposure due to alcohol-induced damage of the gastrointestinal barrier [23, 24] . In previous studies we observed that heavy drinkers with a common single nucleotide polymorphism (SNP) in the CD14 promoter gene had higher levels of serum LBP [25] . The potential influence of smoking on LBP concentrations has been not investigated. Serum LBP levels were increased in patients with morbid obesity undergoing surgery, particularly in those with steatohepatitis [20] . Likewise, serum LBP concentrations were associated with obesity and related metabolic disorders in a selected sample of apparently healthy Chinese subjects [18] .
The present study aimed to investigate LBP concentrations in a general adult population and the potential relationships with demographic factors, lifestyle factors, and common metabolic abnormalities. In addition, we investigated whether LBP levels were associated with common SNPs in molecules at the interface of the innate immune response to LPS (CD14, TLR4, and LBP itself), serum concentrations of sCD14, and proinflammatory cytokine levels.
Methods

Study Population and Design
This cross-sectional study was included in a survey of the general population in the municipality of A-Estrada (Spain), as detailed elsewhere [26] . Briefly, an age-stratified random sample (n = 720) of the adult (.18 years) population of the municipality was drawn from the Health Care Registry, which included .95% of the population. A total of 469 individuals consented to participate in the study. A frozen serum sample (obtained under fasting conditions) for LBP determination was available for 420 individuals (all Caucasians, median age 55 years, range 18-92 years, 45.0% males).
Ethics Statement
The source study (FIS1306/99) was reviewed and approved by the Institutional Review Board of the Complejo Hospitalario Universitario from Santiago de Compostela (Spain). The present study (PGIDIT06PXIB918313) was reviewed and approved by the Clinical Research Ethics Committee from Galicia (Spain). Written informed consent was obtained from each participant in the study, which conformed to the current Helsinki Declaration. 
Determination of Serum Levels of LipopolysaccharideBinding Protein (LBP)
Serum LBP was measured by chemiluminescent enzyme immunoassay (Immulite, Siemens Medical Solutions, Gwynedd, UK). The upper limit of the calibration range is 200 mg/mL and the analytical sensitivity is 0.2 mg/mL. The intra-and interassay coefficients of variation for the assay were ,11%. According to the manufacturer, a study performed on 160 apparently healthy volunteers yielded a mean of 5.3 mg/mL, a 95 th percentile of 8.4 mg/mL and an absolute range of 2.0 to 15.2 mg/mL.
Additional Laboratory Determinations
Serum levels of liver enzymes were measured in an Olympus AU-400 analyzer (Olympus, Tokyo, Japan). The serum levels of gamma-glutamyl transferase (GGT) in this population have been reported elsewhere [28] . Serum levels of proinflammatory cytokines (IL-6, IL-8, and TNF-alpha) were measured by a chemiluminescent enzyme immunoassay (Immulite) and have been reported elsewhere [29] [30] [31] . Serum concentrations of soluble CD14 (sCD14) were measured by means of a commercial enzymoimmunoassay (Quantikine, R&D Systems, Minneapolis, USA).
Single Nucleotide Gene Polymorphisms (SNPs)
DNA was extracted from peripheral blood leukocytes using standard protocols. The SNPs in the LBP, CD14 and TLR4 genes were genotyped using TaqMan TM validated assays (Applied Biosystems, Foster City, CA). The polymorphisms studied included LBP +1306T/C (rs2232618, p.Phe436Leu), CD14 -159C/ T (rs2569190), and TLR4+896A/G (rs4986790, p.Asp299Gly). The LBP rs2232618 is a functional SNP that has been associated with host susceptibility to sepsis and multiple organ dysfunction in patients with major trauma [32] . The rs2569190 SNP in the CD14 promoter has been associated with a gain of function [33] . Its frequency in this population has been reported elsewhere [34] . The TLR4 rs4986790 SNP has been associated with hyporesponsiveness to LPS [35] .
Statistical Analyses
The Mann-Whitney U-test and the Jonckheere-Terpstra trend test were used to compare LBP concentrations among groups. The Spearman's rank test was used to assess correlations. Linear regression was used for multivariate analyses. For that purpose, LBP concentrations (dependent variable) were log 10 -transformed to normalize the distribution. P-values lower than 0.05 were considered statistically significant.
Results
The distribution of serum LBP concentrations in this population is shown in Figure 1 . Serum LBP concentrations steadily increased with age from a median of 5.96 mg/mL in individuals 18-to-30 years old to a median of 8.29 mg/mL in those .80 years old (P for trend, ,0.0001, Figure 2 ). The increase in serum LBP was statistically significant (P,0.05) in individuals above 50 years old ( Figure 2) ; therefore, the age of 50 years was used for stratification in some analyses.
In univariate analyses, overweight and obese individuals had higher LBP concentrations than normal-weight individuals. Similarly, individuals with metabolic syndrome had higher LBP concentrations than those without metabolic syndrome (Table 1) . LBP was still associated with being overweight and obese after stratifying for age (Figure 3) . Furthermore, there was a significant trend towards increased LBP concentrations with increasing categories of BMI (Figure 3 ).The linear relationship between body mass index and LBP was still present after adjusting for additional confounders such as gender, alcohol consumption and smoking (Table 2) . Similarly, the association between metabolic syndrome and LBP concentration was independent of confounders (data not shown). Among the components of metabolic syndrome, serum LBP concentrations were independently associated with abdominal obesity and low HDL-cholesterol levels (Table 3 ). In fact, there was a significant negative correlation between serum LBP levels and serum HDL-cholesterol levels ( Figure 4) .
Male sex tended to be independently associated with higher serum LBP concentrations (Table 2 ). Alcohol consumption was not associated with LBP concentrations (Table 2) . Smoking tended to be positively associated with LBP concentrations, particularly after adjusting for confounders ( Table 2) .
The LBP +1306T/C SNP (rs2232618) allele frequencies were 0.91 and 0.09, respectively. Carriers of the C allele tended to have higher serum LBP concentrations, although the difference was not statistically significant (P = 0.1, Table 4 ). Likewise, serum LBP concentrations were independent of the studied CD14 and TLR4 gene SNPs (Table 4 ). In contrast, serum sCD14 concentrations were higher among carriers of the T allele at the CD14-159 (rs2569190) SNP (Table 4) .
Serum sCD14 concentrations were found to be significantly correlated with those of LBP (correlation coefficient 0.149, P = 0.002). Similar to LBP, sCD14 concentrations increased with age. Contrary to LBP, sCD14 concentrations were not significantly associated either body mass index or metabolic syndrome (Table 1) . Likewise, serum sCD14 concentrations were not significantly correlated with HDL-cholesterol (data not shown).
There was a statistically significant correlation between serum LBP concentrations and concentrations of proinflammatory cytokines, particularly IL-6 and IL-8 (Table 5) . Similarly, there was a correlation between LBP concentrations and serum levels of liver enzymes, particularly gammaglutamyl transferase (GGT, Table 5 ). The correlation between LBP and GGT was stronger among obese individuals (correlation coefficient 0.215, P = 0.01) than compared with overweight (correlation coefficient 0.103, P = 0.16) and normal weight (correlation coefficient 0.025, P = 0.78) subjects.
Discussion
Lipopolysaccharide-binding protein (LBP) might be a biomarker to indicate activation of innate immune responses in response to microbial compounds, particularly LPS [8, 9, 14, 15] . The present study demonstrated that serum LBP concentrations (a) increased with age, (b) were higher in individuals who were overweight and obese compared with normal-weight individuals, (c) were higher in individuals with metabolic syndrome than in individuals without it, (d) were independently associated with the metabolic syndrome components, abdominal obesity and low concentrations of HDLcholesterol, (e) tended to be independently associated with smoking, but not with alcohol consumption; (f) correlated with serum levels of proinflammatory cytokines (IL-6 and IL-8), and sCD14; and (g) were not significantly associated with specific LBP, CD14 or TLR4 SNPs.
The finding that LBP levels increased with age in adults has not been reported previously. On the contrary, a decrease of LBP with age was reported in a selected sample of individuals being studied for cardiovascular risk [36] . In our study in a general population, the LBP increase was steady through decades of age, and was statistically significant from the 6 th decade onwards with respect to the reference category of young adults. The mechanisms underlying such an increase are not known. Similar increases with age have been observed for other inflammatory markers in the same population [37] . The composition of intestinal microbiota, gut permeability, and subsequent bacterial translocation are critical determinants of LPS exposure in health and disease [38] [39] [40] . Intestinal permeability increases with age in experimental models [41] ; although, this was not confirmed in human studies [42] .
An increased BMI was strongly associated with increased serum levels of LBP in the general adult population studied. Alterations in gut microbiota and gut permeability to LPS are characteristics of obesity and related metabolic disorders [38, [43] [44] [45] . Obese mice develop intestinal bacterial overgrowth and display enhanced intestinal permeability [46] . Chronic low-grade inflammation induced by subclinical endotoxemia may be involved in the pathogenesis of metabolic disorders [43] [44] [45] 47] . Furthermore, lowering the LPS concentrations with antibiotics [44, 45] could improve metabolic outcomes. In healthy men, there is a link between food intake and plasma LPS [48] . Increased plasma LPS and LBP can be induced with a high-fat, high-carbohydrate meal [49] . Elevated LBP levels have been observed in Spanish patients with morbid obesity [20] and in Chinese volunteers from an obesity case-control study with restrictive selection criteria [18] . In addition, a positive correlation between LBP and BMI was reported in Spanish men with glucose intolerance [36] . The inflammatory consequences of enhanced LPS exposure in obese patients include non-alcoholic steatohepatitis [20, 50] . In line with this, serum LBP concentrations also correlated with liver enzyme levels, particularly with serum GGT, a marker of liver damage and indicator of liver involvement in systemic inflammatory disease [51] . Moreover, the correlation between LBP and GGT was highest among obese subjects. These findings are consistent with bacterial compounds playing a role in the development of nonalcoholic fatty liver disease in obese individuals [20, 50] . The association of LBP concentrations with low HDLcholesterol, found in the present study, was independent of BMI and additional confounders. This finding confirms previous observations in selected samples [18, 52] and is consistent with HDLs playing a role in regulating the inflammatory response [2, [53] [54] [55] [56] . HDLs have been shown to bind and neutralize LPS [53, 54] . Among plasma lipoproteins, HDL has the highest binding capacity for LPS [57] . In addition, LPS is transferred from HDLs to LDLs by LBP and additional transfer proteins [58] . In vitro, HDL-cholesterol can attenuate LPS-induced production of proinflammatory cytokines [59] . Thus, circulating levels of HDLs are reduced in sepsis/septic shock [55] and a low serum level of HDL-cholesterol is a poor prognostic factor for severe sepsis [59] . Low levels of HDL-cholesterol are a wellknown, traditional risk factor for cardiovascular disease [56] . Enhanced LPS exposure has been recognized as a factor in cardiovascular disease [2, 22] . Future studies are needed to elucidate if low HDL-cholesterol concentrations may be one of the pathogenetic links between innate immune system activation and atherosclerosis. Alcohol consumption was not associated with LBP levels in this study. Previous studies have shown that alcohol intake enhances intestinal permeability [24] and subsequent LPS absorption, as revealed by increased serum LPB levels [23] . Serum LBP levels reported for alcoholics [25] were higher than found for adults from the general population in the present study (median 21.4 mg/mL vs median 7.11 mg/mL, respectively). Possibly, the level of alcohol intake in this general population was not enough to demonstrate a significant influence on LBP concentrations. To the best of our knowledge, the association between smoking and increased LBP concentrations has not been described previously. Endotoxin (LPS) is present in tobacco smoke [60] and may be one of the factors that can promote inflammation in smokers, as reviewed elsewhere [61] . Previous studies have shown that LBP and sCD14 levels are increased in the bronchoalveolar lavage fluid of smokers [62] . This is in agreement with our findings, which should be confirmed in further studies because the association between smoking and LBP was of borderline significance and only evident after adjusting for confounders.
Serum LBP concentrations were associated with serum levels of proinflammatory cytokines (IL-6 and IL-8). This finding is consistent with the role of LBP as an acute phase response protein [5] [6] [7] [8] 15] . Furthermore, serum LBP concentrations were correlated with serum sCD14, which can be also a reactant to metabolic endotoxemia [63] . However, serum sCD14 concentrations were associated with neither obesity nor related abnormalities. Although functionally linked, LBP and sCD14 are different type-I and type II, respectively, acute phase response proteins [4] [5] [6] [7] . Taken together, these could indicate that obesity and related metabolic abnormalities are associated to specific innate inflammatory responses.
The human LBP gene is located on chromosome 20 [64, 65] . Intriguingly, the LBP gene shares an intron-exon pattern with other lipid-binding and transferring proteins on the same chromosome [64, 65] . Genetic variations in LBP may account for susceptibility and course of infectious diseases [8] . It has been recently reported that a functional SNP (rs2232618) in the LBP gene is associated with susceptibility to sepsis and multiple organ dysfunction in patients with major trauma [32] . However, we could not find a significant association between that SNP and LBP concentrations in the general population. Similarly, we found no association between LBP concentrations and common functional SNPs in the CD14 and TLR4 genes that can modify the host immune response to LPS [33, 35] , and the risk for inflammatory conditions associated with LPS exposure [41, [66] [67] [68] . In a previous study we observed that both LBP and sCD14 concentrations were increased in alcoholics carrying the T allele at the CD14 -159 SNP [25] . In the present study, such genotype was associated with higher sCD14 levels but not with LBP levels.
Strength of this study is its population-based design including randomly selected individuals with a broad age range (18 to 92 years). Admittedly, the study has also limitations. First, the epidemiological, cross-sectional nature of this study does not allow for a causal inference and does not provide a mechanistic insight into the findings. Second, LBP concentrations were measured in samples that had been stored frozen for years. To the best of our knowledge, there is no available information about stability or instability of LBP in frozen samples over time. It should be noted that the observed measurements were similar to those reported in different populations using fresh samples, including those reported by the manufacturer in apparently healthy volunteers. Moreover, it should be noted that the study was not aimed to investigate absolute LBP concentrations but the association of LBP concentrations with demographic, lifestyle, and metabolic variables. Along this line, the potential misclassification bias would be nondifferential, i.e., the unreliability in LBP measurements must be expected to be equal among obese and non-obese individuals. Therefore, it can only result in bias toward the null (type 2 error) and not a type 1 error, i.e. it could have obscured an effect but it could not cause a false effect to be seen. Third, blood levels of LPS were not measured in the present study because samples were neither obtained nor stored under nonpyrogenic, sterile conditions. It should be noted that LPS is not the only microbial ligand for LPS [8, 13] , and that LBP increase is delayed with respect to LPS exposure [8, 9] . Hence, there was no correlation between blood LPS and LBP concentrations in previous studies [14] .
The serum/plasma LBP commercial assay is intended as a tool for management of patients with infectious complications, because increased LBP concentrations may be indicative of exposure to bacterial compounds (particularly, LPS) and may be prognostic of disease progression [8, 14, 15, [18] [19] [20] [21] [22] [23] . This study in an unselected adult population suggests that age and common conditions such as obesity and related metabolic disorders should be taken into consideration when interpreting LBP levels in clinical settings. 
Author Contributions
